Subthreshold diode micropulse (SDM) laser is a relatively new treatment modality that confers very little to no anatomical risk to the retina. However, its efficacy is still being studied, and the scenario where SDM is most useful is still being elucidated. This paper reviews articles from 1997 to 2017 and reviews the settings, results, and outcomes of SDM in various clinical settings including diabetic macular edema, branch retinal vein occlusion, central serous chorioretinopathy, proliferative diabetic retinopathy, and age-related macular degeneration.
Introduction
Conventional argon retinal photocoagulation has been universally accepted for over forty years [1] [2] [3] . It is primarily used for retinal diseases including proliferative diabetic retinopathy (PDR), diabetic macular edema (DME), choroidal neovascularization, macular edema associated with retinal vein occlusion (RVO), and central serous chorioretinopathy (CSCR) [4] [5] [6] [7] [8] [9] [10] . However, the role of conventional laser therapy is limited due to complications such as scar enlargement, visual field scotoma, subretinal fibrosis, and subretinal neovascular membranes [4, 8, 11] . New laser modalities such as subthreshold diode micropulse (SDM) have been introduced in hopes to prevent permanent retinal scarring and ultimately improve visual acuity. In this article, we examine the role of SDM laser treatment in retinal diseases.
History
While conventional retinal photocoagulation is effective, various methods have been explored to attain a therapeutic effect while limiting or avoiding damage to the retinal tissue [8] . Titrating the laser power introduced the concept of subthreshold burns in DME, which reduced tissue damage but nevertheless still produced visible scars to the retina [1, 4] . In 1990, Pankratov developed the micropulse diode laser, designed to fire a series of millisecond laser pulses in spaced-out intervals [1, 4, 12] . Initial micropulse diode lasers reduced thermal retinal damage and allowed selective treatment to the RPE. However, the parameters still generated thermal retinal injury which was deemed necessary to produce the therapeutic effect. It was not until a subset of micropulse laser that brought about a method that not only reported clinical efficacy but also preserved retina and reduced inflammation [11] .
Mechanism of action
Conventional retinal laser is absorbed mostly by the retinal pigment epithelium (RPE) with heat conducted to the neurosensory retina and choroid [5] . Although it still remains unclear, there have been numerous theories for the therapeutic effect of conventional retinal photocoagulation. It is postulated that laserinduced retinal destruction reduces the metabolic demand of a hypoxic retina by 1) targeting metabolically active photoreceptors, 2) increasing choroidal retinal oxygenation, 3) upregulating heat-shock proteins (HSPs), and/or 4) altering vasoactive cytokines including VEGF [4, 11, 13, 14] . In particular, focal retinal laser is thought to photocoagulate microaneurysms and lessen macular edema [6, 14] . However, the progression of SDM and their clinical benefits have refuted the need for thermal retinal burning and reinforced the necessity to target the RPE. With the micropulse laser firing a pulse every 100 to 300 µs with a 1700-1900 µs pause between each pulse, the "duty cycle" is decreased. This allows tissues to minimize heat buildup and transduction, and therefore avoid any thermal damage to the neurosensory retina [5, 6, 11, 15] . Compared to conventional photocoagulation, the limited inflammation induced by SDM may preserve the RPE and neurosensory retina, which may be linked directly to improved visual function shortly after the procedure [11] . Additionally, unlike conventional laser in which the effect may come primarily from the adjacent RPE cells rather than the damaged RPE cells in the targeted area, SDM laser may stimulate more cytokines and heat shock proteins (HSPs) by preserving the RPE cells in the targeted area [5, 16, 17] . Numerous HSPs are responsible for modulating stress response to heat, chemotherapy, or radiation. Sramek et al. and Inagaki et al. showed an increased HSP70 expression with a sublethal threshold power, providing a method to facilitate the protective roles of HSP expression without retinal damage [16, 18, 19] . Along with the low-intensity/high-density SDM parameter, the effective surface area of the RPE is maximally modulated to alter cytokines important in mediating retinal diseases, such as matrix metalloproteinases [5, 11, 17, 20] .
Diabetic macular edema
The approach to DME with subthreshold diode micropulse (SDM) laser has changed over the past few decades, from an initially laser-induced retinal damage (LIRD) approach to a low-intensity/high-density approach with no visible retinal damage. In 1997, Friberg and Karatza first reported that 75% of their 40 patients with clinically significant macular edema (CSME) improved when treated with a micropulse 810-nm diode laser. Notably, the authors employed a grid pattern over areas of retinal thickening (microaneurysms were not specifically targeted as recommended in mETDRS) with light visible laser burns as the endpoint of treatment [21] . In 2004, Larsen et al. performed the first prospective randomized trial comparing micropulse diode grid laser (810-nm) to conventional argon grid laser (510-nm) in 23 eyes. The authors divided edema into diffuse and focal categories (based on whether retinal thickening was 2 or more disc areas or less, respectively). Patients were then randomized into two groups receiving either argon laser photocoagulation or SDM laser. The settings in the diode group were variable, but had the goal of establishing a power level half of what was required to create a barely visible burn. While the micropulse laser was non-inferior to argon laser in terms of visual outcomes, the authors found it difficult to achieve an ideal power setting that avoided LIRD and still maximized effective laser treatment [22] .
Figueira et al. demonstrated in a prospective randomized controlled study of 84 eyes that SDM laser had comparable visual outcomes, central retinal thickness, and contrast sensitivity outcomes to argon laser [23] . However, laser scars were still noted in 14% of the eyes treated with SDM vs. 59% treated with argon [23] . While the incidence of LIRD was significantly lower in the SDM group, it was still higher than expected in a typical SDM laser setting. However, the argon group had a 59% rate of LIRD rather than the expected 100%, suggesting some eyes in this group may have been undertreated.
Further studies looked to employ a high-density confluent laser technique that would have no LIRD and can be safely applied to the fovea [24] . Prior studies have utilized a minimal duty cycle of 5% in SDM laser application including Laursen and Stanga et al., but authors noted the difficulty of optimizing power settings as laser burns could not be titrated by appearance [23, 25] . Luttrull et al. chose to base their SDM parameters on the American National Standards Institute Z136.1 standard of maximal permissible and threshold exposure. Their parameters were 125 µm diameter spot size, 750 mW power, 0.3 second laser exposure, and 5% duty cycle (each exposure contains 150 micropulses, with each pulse delivered every 2 ms with 100 μs ON, and 1900 μs OFF). These parameters resulted in no residual retinal burns, and visual acuity remained stable or improved in 85% of 95 treated eyes with CSME, with 79% resolution of edema at a mean follow-up of 12.2 months [24] . Additionally in this study, Luttrull showed that "painting" a treatment area with repeat, high-density coverage resulted in no residual retinal scars. Lavinsky et al. further demonstrated that utilizing a confluent application of SDM laser had superior visual outcomes than when a standard modified ETDRS technique or a normal-density (two burn-widths apart) technique was employed for early DME [26] . As other long-term studies supported the safety of SDM, the lack of LIRD with SDM laser prompted physicians to treat fovea-involving DME. Luttrull and Sinclair demonstrated in a retrospective study of 39 eyes that transfoveal SDM resulted in an improvement in Log MAR visual acuity and macular thickness with no adverse effects [27] .
Patient selection is crucial for effective treatment of DME with SDM laser. Mansouri et al. showed that in a study of 63 eyes, those with a central macular thickness (CMT) ≤ 400 µm had an average reduction of 55 µm at 1-year follow-up with no persistent CSME or need for rescue anti-VEGF injections with SDM laser mono-therapy [28] . However, those with CMT > 400 µm all required anti-VEGF injections to achieve resolution of the CSME. Additional studies have supported treating mainly earlyonset DME with SDM laser for maximal effect. Lavinsky et al. found those without retinal degeneration or macular ischemia and foveal hard exudates had improved visual acuity with high-density SDM laser therapy [26] .
SDM may be a useful alternative to traditional grid laser, but anti-VEGF treatments tend to be first-line therapy for DME. While unlikely to supplant anti-VEGF therapy, SDM may have a role in reducing the frequency of injections in early treatment of DME. Moisseiev et al. showed in a retrospective comparative study in 19 eyes that were treated with micropulse laser had a clinically significant decrease in injections both at 1 year and final follow-up (1.7 ± 2.3 vs 5.6 ± 2.1 injections and 2.6 ± 3.3 vs 9.3 ± 5.1 injections respectively, P < 0.001 for both) [29] . In summary, SDM has great potential and value in treating patients with early, central involving DME with relatively good vision, but there still remains a need for a formalized treatment plan and ideal patient selection criteria. Table 1 reviews the mentioned authors' laser parameters and settings.
Branch retinal vein occlusion
Macular edema is the main cause of vision loss after a branch retinal vein occlusion (BRVO). Grid argon laser has traditionally been employed to reduce visual acuity loss, but is associated with typical laser complications such as scars and even choroidal neovascularization. SDM laser is able to forego these complications. In terms of efficacy, Parodi et al. demonstrated in a randomized clinical trial of 36 eyes that grid SDM laser was as effective as threshold grid argon laser treatment (TGLT) in reducing macular edema and vision loss [30] . Though patients who received TGLT had a more rapid resolution of edema by 6 months, visual outcomes and foveal thickness were similar between the two groups by year 1 [30] . By year 2, the average number of lines gained in the SDM laser group was 2.06 vs 1.37 in the TGLT group (no significant difference). However, those who received SDM laser had the benefit of not having any detectable biomicroscopic or angiographic signs of laser treatment.
Additionally, SDM laser may have some synergistic effects when combined with other treatment modalities for BRVO-induced macular edema. In a pilot study of 24 eyes, Parodi et al. compared monotherapy grid SDM laser therapy to grid SDM laser combined with intravitreal triamcinolone injection ( Table 2 ). The results showed that more patients in the combined group gained at least 2 lines of visual acuity more than in the monotherapy SDM laser group (average line gained 3.4 vs 1.3, respectively) [31] .
Inagaki et al. studied the role of SDM laser in those with persistent edema with vision better than 20/40 [32] . 32 eyes with persistent edema (6 to 156 months prior to treatment, foveal thickness < 600 μm) were studied, with 11 having received some form of therapy in the past. Edema and total macular volume was reduced by 6 months in these patients, though there was no significant change in visual acuity [32] . Interestingly enough, Parodi showed that SDM laser failed to have any beneficial effect in the treatment of recurrent macular edema in BRVO, and bevacizumab injection was found to be superior over SDM laser [33] .
Central serous chorioretinopathy
The majority of central serous chorioretinopathy (CSCR) cases are self-limited, but treatment with photocoagulation or photodynamic therapy may be indicated for patients with recurrent or chronic disease. However, the former cannot be used in subfoveal or juxtafoveal edema due to the risk of retinal scarring, and the latter may lead to RPE atrophy, ischemia, CNV, and choroidal hypoperfusion [34, 35] . As such, SDM may be useful to treat CSCR while minimizing the iatrogenic lesions that limited traditional therapy. In a prospective, double-blind, sham-controlled pilot trial, 15 patients with chronic CSCR for more than 6 months were randomized to SDM and sham laser [36] . BCVA (ETDRS letter) was significantly improved at 3 and 6 months (from 35.4 to 47.9 and 50.0, respectively) in the treatment group, while there was no significant change in the sham group at each point (from 26.6 to 25.6 and 31.0, respectively). At 6 months, the treatment group also achieved a significant improvement in central macular thickness (from 419.6 µm to 247.2 µm, P = 0.008), while no significant improvement was seen in the sham group (from 349.6 μm to 283.6 μm, P = 0.50). All 5 patients in the sham group eventually received SDM treatment 3 months or 6 months after the sham laser, and gained better BCVA (27.4 to 39.6, P < 0.05) and CMT (340.2 to 233.6 μm, P < 0.01 ) [36] .
Malik and Luttrull independently explored the "lowintensity and high-density" strategy for CSCR. They both used an 810-nm SDM laser with only 5% duty cycle without using a test burn. In Malik's study, 11 eyes with symptomatic CSCR were enrolled. Of the 11 eyes, only 1 required re-treatment after 6 months for recurrent fluid, and mean ETDRS visual acuity improved from 39.2 letters to a final acuity of 45.5 letters (follow-up period ranged between 5 to 88 months, but 2 were excluded for lack of follow-up and 1 excluded for the use of systemic steroids) [37] . Maximal CMT decreased significantly in the final 8 eyes (average 97 μm decrease, P = 0.0046). In Luttrull's study, 11 eyes were enrolled. After one "low-intensity and high-density" SDM treatment (average shots 772/session), visual acuity and maximal retina thickness significantly improved [38] . Subretinal fluid was eliminated in all eyes by 3 months. Their studies suggested that low-intensity/ high-density SDM laser using a 5% duty cycle is a safe and effective modality for treatment of chronic CSCR. However, both studies were limited by small sample size, and had no control group.
Chen et al. studied the effect of SDM laser on varying degrees of source leakage and present RPE damage. Eyes with longer than 4 months of CSCR were split between those that had 1) source leakage without RPE atrophy (6 eyes), 2) source leakage with RPE atrophy (9 eyes) and 3) unknown source leakage with diffuse RPE atrophy (11 eyes). After one session of SDM laser, all eyes in group 1 had total resorption of subretinal fluid with no recurrence within 8 months of follow-up. The majority of group 2 had resorption of subretinal fluid after 1 to 3 sessions, whereas 1 eye from group 2 and more than half of the eyes in group 3 needed photodynamic therapy for complete subretinal fluid resolution. Their results suggested that though SDM may be as effective in those with source leakage (groups 1 and 2), it was less efficacious when patients had diffuse RPE atrophy and leakage (group 3) [39] .
In 2011, Koss et al. evaluated the efficacy between intravitreal bevacizumab versus SDM laser for CSCR. They included 52 eyes that had no more than two active leakage sites on fluorescein angiography and persistent RPE leakage for more than 3 months with or without RPE decomposition. 10 months after treatment, it was found that only 12.5% of eyes had persistent leakage in the SDM group, compared to 60% in the injection group, and 92% in the sham group. CMT decreased more in the SDM group than in the bevacizumab group (94 µm vs. 38 µm), and mean parametric deficit improved by 1.5 decibels in the SDM group versus 0.6 in the bevacizumab group. While this study showed better efficacy of SDM over bevacizumab, both groups required retreatment with SDM laser (44% and 50% in the SDM and bevacizumab group, respectively) [40] . Kretz 
looked specifically at visual acuity and contrast sensitivity, subretinal fluid changes, and RPE health on fundus autofluorescence (FAF) at week 16. Both treatment groups showed a significantly decreased amount of leakage compared to the control group at week 16 (60% and 66.7% of patients in the SDM and hdPDT group respectively, versus 37.5% in the control group). Visual acuity and contrast sensitivity were improved in the treatment groups, but they were not significantly superior from the control group. There was reduced central macular thickness in all 3 groups, with no statistical difference between the groups. Comparison of FAF showed no significant changes in the size of hypo-or hyper-FAF areas suggesting the safety of both techniques [41] .
Breukink et al. studied the role of SDM laser in eyes refractory to hdPDT. His group demonstrated in a prospective study of 59 eyes, that 37 eyes had resolution after a single hdPDT treatment (mean follow-up time 8.7 weeks), with an additional 7 out of 19 eyes retreated with hdPDT showed resolution after a second treatment at mean follow-up of 6.3 weeks. In this re-treatment group, 10 unresponsive eyes underwent further treatment with SDM, with only 1 eye having resolution of edema (mean follow-up time was 12 weeks) [42] .
Maruko et al. demonstrated that SDM was non-inferior to conventional focal laser, with no statistically significant differences in retinal thickness and visual acuity between the two groups in a study of 29 eyes [43] . Overall, SDM seems to be a safe and relatively effective treatment modality for CSCR. Refer to table 3 for parameters.
Proliferative diabetic retinopathy
Conventional panretinal photocoagulation for proliferative diabetic retinopathy results in visible retinal burns, scars and unwanted side effects including constriction of visual field, nyctalopia, and even loss of vision. Pollack et al. proposed that the regeneration and proliferation of new RPE cells may restore the blood-retinal barrier, aiding in the regression of neovascularization [44] . Moorman investigated "minimal intensity" PRP with high duty cycle SDM laser. The goal was to treat PDR with minimal LIRD. In his cohort of 13 eyes, 10 patients showed at least some regression, though 3 did not show any improvement. All patients tolerated the procedure well [45] .
In a retrospective study, Luttrull observed 99 eyes ranging from severe NPDR to PDR who received between 1 to 6 treatment sessions of SDM laser, but there was no conventional PRP group as a control. While no complications were observed nor were any laser lesions visible, very few patients (4 in total) had any form of regression from their initial diagnosis, with 12.5% of patients progressing to vitreous hemorrhage and 14.6% requiring vitrectomy [46] . While SDM may be a relatively safe procedure with minimal complications, its applications may be better served elsewhere outside of PRP for PDR.
Age-related macular degeneration
Given that a dysfunctional RPE/Bruch's membrane is a key feature of the pathogenesis of age-related macular degeneration (AMD), there is great interest in utilizing SDM technology for therapy.
Friberg and colleagues investigated the effect of SDM on the development of choroidal neovascularization (CNV) in patients with high risk drusen ( > 5 large druse) in one eye and wet AMD in the contralateral eye. Unexpectedly, there was more CNV in the treatment group at one year, 15.8% versus 1.4% in the control group, (P = 0.05) [47] . They advised against prophylactic SDM laser treatment in these eyes. Three years later, they studied patients with high risk drusen in both eyes with no CNV. Small visual acuity benefit was noticed with treatment, but the effect was not seen 3 years out from therapy [47] . It is worth noting that the subthreshold laser used in both studies was not micropulsed.
It is thought that SDM may have a restorative effect in RPE function and therefore may resensitize RPE in wet AMD unresponsive to anti-VEGF therapy. In a small retrospective study, Luttrull et al. performed 810-nm SDM laser in 13 eyes of 12 patients that were deemed unresponsive to anti-VEGF injections. One month later, these eyes were re-treated with monthly afilbercept, and 92% (12/13) eyes showed improving foveal thickness with 69% (9/13) having complete resolution in macular exudates [48] . These effects may be mediated by upregulation in transcription of certain heat-shock proteins (specifically HSP70) within the RPE [49] .
Johnson and Glaser examined the role of SDM in exudative AMD with concurrent retinal choroidal anastamoses (RCAs) identified by ICG angiography. After an average of 3.52 sessions (1-12) over a mean 11.7 month (2-23) period of treatment, 53% of eyes had complete resolution of subretinal fluid; and 43% had complete closure of RCAs. However, there was no statistically significant change in mean visual acuity [50] .
In 2016, Luttrull and his colleagues reported "functionally guided retina protective therapy" with panmacular SDM for high-risk dry AMD. With SDM treatment, 139/158 eyes were improved by pattern electroretinography measures (PERG) (P < 0.0001); Snellen VA remained unchanged, but macular sensitivity by automated microperimetry and Central Vision Analyzer testing were improved (P = 0.0439 and P = 0.006, respectively). The authors advocated SDM as a retinal protective therapy in early stages of chronic progressive retinal diseases, guided with PERG [51] . In a recent retrospective study, Luttrull et al. suggested that panmacular SDM may reduce the incidence of CNV in high risk dry AMD more than vitamin therapy alone [52] . Due to limited data, the exact role of SDM remains to be fully illustrated in the treatment algorithm for exudative AMD and high risk AMD, and larger randomized, controlled trials are required. Table 4 goes over the laser parameters utilized by the mentioned authors for AMD.
Summary
The practice of SDM laser treatment has been evolving since the 1990s. Numerous studies have proven that SDM laser is an effective and non-invasive treatment for various retinal diseases, especially for early DME with mild foveal involvement. Combined with anti-VEGF agents, SDM laser helps reduce the frequency of intravitreal injections and risks of severe complications. However, its development is accompanied by controversy over its efficacy. Presently, there are no well-established laser parameters for SDM. At a 2017 AAO annual meeting debate, the majority of retina specialist voted against SDM for DME treatment; this reflects the current reality of SDM laser treatment, that it is a promising but still controversial procedure. Widespread adoption of SDM will require large welldesigned, prospective randomized multiple centers clinical studies. These trials should compare SDM to current standards of care, evaluate SDM laser's role in the treatment of early mild central DME in combination with anti-VEGF agents, and establish standardized laser parameters.
